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Addition of a benzyl substituent to the macrocyclic ring of DOTA has a substantial impact on the conformational
ring flipping motion of the macrocycle in the resulting LnDOTA complexes. The p-NO,-benzyl substituent in the
Ln(p-NO,-Bn-DOTA)~ complexes lies in an equatorial position and effectively “locks” the conformation of the ring
into the 0006 configuration. The presence of the p-NO,-benzyl group also increases the population of the square
antiprismatic (SAP) coordination isomer for all Ln(p-NO»-Bn-DOTA)~ complexes relative to that seen for the respective
LnDOTA™ complexes. Despite this increase in SAP isomer population, the rate of water exchange in these complexes
remains comparatively fast. The kinetic and thermodynamic stabilities of the Ln(p-NO2-Bn-DOTA)~ complexes are
also slightly lower than the corresponding LnDOTA~ complexes but appear to be sufficiently high for in vivo use.

Introduction Since the trivalent lanthanide and actinide ions have a wide

Bifunctional chelates (BFCs) represent versatile building Variety of magnetic, fluorescence, and catalytic propefties,
The ligating functionality of a BFC chelates the desired metal One such ligand, which has found widespread useg)is (
ion, and the second functionality, usually an electrophilic 2-(iso-th|ocyanobgnzyl)-DOTA [#SCN-Bn-DOTA, Chart
functional group, may be used to covalently attach the chelatel)-" The lanthanide(lll) compl_exei of the parent ligand
to a biological targeting vector. This conjugation has wide- DOTA have been widely studiedf,** but little has been
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conjugated to targeting vectors such as monoclonal antibodies @ Lo CF 2o G R Mo LYo Gy Do
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Chart 1 esters were subsequently cleaved in aqueous hydrochloric acid, and
SCN O2N the ligand was purified by precipitation from aqueous solution at
pH 3 as the corresponding zwitteriondd NMR spectra were
recorded on a JEOL Eclipse 270 spectrometer operating at 270 MHz
COH 2 CO.H & and a Varian Inova 500 spectrometer operating at 499.95 MHz.
QN/_"\N/\COZH <N/_\N/\COZH 170 NMR spectra were recorded on a Varian Inova 500 spectrometer
[ j [ j operating at 68.7 MHz. The 2D-EXSY spectrum was recorded at
N N N N 500 MHz using 1024x 1024 points, a mixing time of 40 ms was
HOL—\_/ HOC—\_/ employed for the EXSY spectrum, and the COSY spectrum was
HOC HOZC recorded at 270 MHz using 1024 1024 points and a S0pulse
p-SCN-Bn-DOTA p-NO2-Bn-DOTA width of 7.5 us. Variable temperaturO NMR spectra were
HO,G recorded between 5 and 8C. Longitudinal relaxation times were
measured using the inversion recovery method on a MRS-6 NMR
COzH HOLC COzH analyzer from the Institut “Je$ Stefan”, Ljubljana, Slovenijia,
QN/_\N/\COzH z MNMN COzH operating at 20 MHz. Relaxivity was determined by linear regres-
[ j [ j sion analysis of relaxation rates of six solutions (019 mM).
HOZC\/N\_/N HO,C N\_/N>/\/CO ! Lumlnescen_ce measurements were performed on a Perkin-Elmer
HOLC HO,C 2 LS50B fluorimeter.
Thermodynamic Stability Constants Stock solutions of GdG]
COH YCls, and LuCk were prepared by dissolving the lanthanide(lll)
DoTA 1 oxides (LrO3) in 6 M HCI, and the excess acid was removed by
evaporation at 60C. The concentration of Lnglsolutions was
Eoﬁ( /EOZH )\ determined by complexometric titration, using EDTA and xylenol
N N COH N O\ TCoaM orange as an indicator. The concentrationpeflO,-Bn-DOTA
\[ j\ [ j solution was determined by ptpotentiometric titration, carried
N N N N out in the presence and absence of excess £a&fé protonation
HoC~ ):82 HOZC\( \:é g—— constants of the ligand were calculated from the titration data
z z obtained in the titration of 1.8 and 2.6 mM sample solutions with
M;DOTA DOTMA 100 mM MegNOH in the pH range 1712.2 (157 data points).

The titrations were carried out with a PHM 93 Radiometer pH-

SCN-Bn-DOTA) or the precursor LitNO,-Bn-DOTA)" meter, an ABU 80 autoburet, and a 6.0234.100 combined electrode
complexes. LnDOTA complexes have very favorable (Metrohm) in a titration vessel thermostated at’Z5 The titrated
kinetic and thermodynamic stabilities and are therefore often solutions (15 mL) were stirred with magnetic stirrer, and nitrogen
chosen as the basis of drugs for in vivo use. This is was bubbled through the samples.
particularly important in situations where the complexes may  Due to slow formation of Ln#NO,-Bn-DOTA)~ complexes,
be targeted to cells and not quickly excreted. Indeed, the stability constants were determined by the “out-of-cell”
GdDOTA" has been widely used as an MRI contrast agent technique!® Nine separate samples (2.5 mL) were prepared in
for many years, and other DOTA based systems are beingdupllcate co_ntalmng the ligand and G_dCYCIg, or LuCl, each at
developed Incorporation of an aryisothiocyanate into the 26 MM. Variable volumes of standardized 100 mMM®H were
DOTA ligand facilitates conjugation of the chelate to a added to each sample prior to Sea.“ng the. .Sam.ples und.er.a blanket

. . . . . . of N, gas to prevent entry of CQiluring equilibration. Preliminary
variety of targeting vectors using mild chemical conditions.

’ . spectrophotometric studies with the Nd(Ill) complexes (5300
While the properties of the LnDOTAcomplexes have nm) showed that equilibrium was reached in about 4 weeks. After

been thoroughly examined, there have been few reports onis period of time, the potentiometric samples were opened, and
the complexation properties of BFC analogues. Here, we the distribution of pH values in the samples was between pH 1.8
report results of a study of the solution structures, stability, and 2.4. The proton concentration was calculated from the measured
and properties of the lanthanide complexes 8F3-(p- pH values using a correction term determined by titration of 10
nitrobenzyl)-DOTA 6-NO,-Bn-DOTA), the chemical pre- mM HCI with 100 mM MeNOH as a difference between the
cursor top-SCN-Bn-DOTA. measured and calculated pH vald@all the equilibrium studies
were made in 1.0 M Mg@CI solutions at 25C. The protonation
constantsK;") and stability constantg, ), defined as<;H = [HiL]/
[Hi—LJ[H*] (i = 1,2, ... 6) andK . = [LnL}/[Ln3*][L], were
evaluated from the potentiometric data using PSEQUAD.

Typical Procedure for the Preparation of Complexes for
Spectroscopic StudiesEw,O3 (1 equiv) and §-2-(p-nitrobenzyl)-
DOTA (1 equiv) were mixed in water and stirred at 80 for 24

Experimental Section

General. (§-2-(p-Nitrobenzyl)-DOTA was synthesized from
L-phenylalanine using minor modifications of a procedure previ-
ously described®'” The alkylation reaction to introduce the acetate
pendant arms was performed witrt-butyl bromoacetate (MeCN/
K2COy/60 °C) rather than bromoacetic acid in water. Tag-butyl

(14) Aime, S.; Botta, M.; Fasano, M.; Marques, M. P. M.; Geraldes, C. F. (18) Burai, L.; Fabian, I.; Kiraly, R.; Szilagyi, E.; Brucher, E. Chem.
G. C.; Pubanz, D.; Merbach, A. Enorg. Chem.1997, 36, 2059~ Soc., Dalton Trans1998 243-248.
2068. (19) Irving, H. M.; Miles, M. G.; Pettit, L.Anal. Chim. Actal967, 28,
(15) http://www.probes.com/. 475.
(16) McMurry, T. J.; Brechbiel, M.; Kumar, K.; Gansow, O. Biocon- (20) Zekany, L.; Nagypé |. In Computational Methods for Determination
jugate Chem1992 3, 108-117. of Formation Constantd.egget, D. J., Ed.; Kluwer: New York, 1985;
(17) Renn, O.; Meares, C. Bioconjugate Cheml992 3, 563-569. p 291.
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h. The reaction was filtered through 2@n syringe filter, and the Twisted Square Antiprism Square Antiprism
solvent was removed by freeze-drying to yield the complex as a A(335) A(8333)
yellow solid in quantitative yield. The complexes were employed

without further purification. [Eu(NGBnDOTA)]~ 'H NMR (270

MHz, D,O): major isomer onlyp = 34.8, 34.1, 31.4, 30.6, 9.5,

7.2 (2H), 6.8 (2H), 5.2, 0.6;-1.0,—3.1,—3.8,—6.4 (2H),—7.1,

—8.5,—9.8,—-10.0,—10.6,—12.4,-13.7,—15.3 (2H),—15.7, 16.2 Arm

Elzszg, IjG).Q. mz (ES-): 686 (100% [SEuL]"), 688 (98% " Rotation
uL|).

Results

NMR Studies. The structure and solution dynamics of the
LNnDOTA™ complexes have been widely examined and are
well understood. The macrocyclic ring adopts a square [3333] Ring [ Inversion Ring | Inversion
conformation with a carbon atom at each cortterhe four
nitrogen donor atoms of the ring coordinate one face of the
metal ion while the four oxygen atoms of the pendant arm
carboxylates coordinate the opposite face. The coordination
is completed by a capping water molecifieThe torsion

angle between the coplanar nitrogen atoms and oxygen atom: Arm
then defines the coordination geometry of the ion. Two “Rotation

coordination geometries are adopted by LnDO7Tke

complexes, a capped square antiprism, (SAP or M) (torsion

angle~ 39°), and a capped twisted square antiprism (TSAP

or m) (torsion angle~ 25°).12 Since the conformation of AL AGAAR)
the ring is associated with an element of helicity, the ring
stereochemistry may be defined as eithBydd) or (A1111).
The orientation of the arms is also associated with an elemeni @ = oxygen O = Nitrogen Q@=cabon O = Lanthanide ion

of helicity, defined as eithe”A or A. The coordination Figure 1. Interconversion pathways for the four stereoisomers of
geometries may therefore be designatétiiil) or A(0600) LnDOTA™.

(SAP) andA(0000) or A(A44) (TSAP). These four stere- 04 the helicity of the ethylene bridgel4A) or (0660).

oisomers are related as two pairs of enantiomers. In SOIUIIOnThis conformation minimizes both torsional and steric strain

theset;[lw 0 coorc:}natu';n gehokr)n ?tr'ej ?re n dgj/r;an:rllc ?dqu"tl'?_ in the macrocycle providing an optimized binding conforma-
”?tr;:’ | et;;]rop_gr lon o e;a;] I_elngd e_dermlne | %’ €10€NtLY tion for the lanthanide ion. A gauche conformation places
orthe lanthanide ion and the figand sidearms. Interconversiony, o ¢, protons of the ethylene bridge into either one of

between the coordination geometries may occur by one of two axial positions or one of two pseudoequatorial positions

two processes, either ring flipping of the macrocyclic ccording to the Newman projection shown (Figure 2). As
backbone carbons or rotation of the pendant arms. SequentiaEXpected the-nitrobenzyl substituent was found to occﬁpy
arrPl rotation and ring flips interconvert enantiomers (Figure a pseudoéquatorial position on the macrocycle occupying the
b . . L . position of one Hy.2* Interestingly, the nitrobenzyl group
Since the r?t(flof interconversion is slow on the NMR time i 104164 on the ethylene bridge with the smallest paramag-
scaI(_e (Vl.o N )’. the two coordination isomers are usuglly netic shifts of each proton; this is most noticeable in the case
readily d'St'n,gL,“Sh?d biH NMR spectroscopy. Two species Hax.2* This is presumably the result of a distortion in the
are clearly visible in a ratie-1:12 in the exte?deq spectral-  y5rgjon angle of this ethylene bridge away from the perfect
width NMR spectrum of _ELH'NOZ_'Bn'DOTA) (Figure 2)'_ auche conformation into a conformation in which the
Th? spectrum of the major species (SAP) has been ass'gne‘iitrobenzyl substituent lies in a more truly equatorial position
by "H—"H COSY NMR Eiqugy comparison with other rélated  jg e 2). Although this must inevitably increase the
DOTA-type complexes:*>2*The conformation of ethylene torsional strain within this ethylene bridge, this gain in energy

bridges. in t_he macrocycle of Lr_1DOT_‘A comp!exes Is is probably offset by the decrease in steric strain gained by
constrained into gauche conformation with a typical average y)ying the substituent to lie in this position. Examination

N—C—C—N angle of 59.2* The sign of this angle+ or —) of the chemical shifts of the most shifted axial protons of

) the rin llow: ignment of the twi ies to their
(21) Dubost, J. P.; Leger, J. M.; Langlois, M. H.; Meyer, D.; Schaefer, M. € . 9 a OWS ass g ent o .e 0 §pec .es o0 the
C.R. Acad. Sci., Ser. II: Mec., Phys., Chim., Sci. Terre/rsi1991 coordination geometries. The major species with the four

312, 349-354. axial proton resonances between 30 and 35 ppm corresponds

22) m%%?SMM';P/er:F Sb;.-BF?(t)tratl’ Ve gg\ﬁv:srgéjkAbr.(A;mM%m?%/.’ L to the more compact SAP geometry (M) while the four axial

200Q 122, 9781-9792.
(23) Howard, J. A. K.; Kenwright, A. M.; Moloney, J. M.; Parker, D.;  (24) Marques, M. P. M.; Geraldes, C. F. G. C.; Sherry, A. D.; Merbach,
Port, M.; Navet, M.; Rousseau, O.; Woods, ®hem. Commuri998 A. E.; Powell, H.; Pubanz, D.; Aime, S.; Botta, M. Alloys Compd.

1381-1382. 1995 225, 303-307.

Square Antiprism Twisted Square Antiprism
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Ma, geometries for the LENO,-Bn-DOTA)~ complexes as determined byt
NMR at 25°C. The dashed lines (- - -) represent the corresponding trend
J VL observed for LnDOTA complexes.
U WA A\Jl\u : N ,

- substitution of the macrocycle. This hypothesis is consistent

“0 i 2 10 4 11] 5/ ppm with the observation of only two species for the acetate
- substituted DOTA derivatives EuDOTMA®27 and Eu-
— (RRRR1)~.2223 Substitution of the acetate arms effectively

Figure 2. Extended spectral-width high-resolutié NMR spectrum of “freezes out” arm rotation locking the arms in one conforma-

Eu(-NO2-Bn-DOTA)~ recorded at pD 6, 25C, and 270 MHz. The tion222327 The nature of the conformatiom(or A) was
spectrum of the major (SAP) isomer is assigned according to the labeling o . . . )
scheme shown. The lines underneath the spectrum indicate the couplingsd€termined by the configuration of the chiral center; an

determined from the cross-peaks of the 2D COSY spectrum. S-configuration conferringA helicity on the arms, and an
R-configuration, A helicity?222 It was expected that the
proton resonances between 10 and 15 ppm correspond t-nitrobenzyl substituent was “freezing out” ring flip motion,
the more open TSAP geometry (Af° and since the configuration at carbon v&she macrocyclic
For the LnDOTA" complexes, the ratio of square antiprism  ring would be locked into a’d®dd) conformation.

(SAP) to twisted square antiprism (TSAP) depends on the Exchange spectroscopy (EXSYWas used to probe the
ionic radius of the lanthanide iofd.Accordingly, the entire intramolecular dynamics of EpNO,-Bn-DOTA)". For each
series of Lnp-NO-Bn-DOTA)" complexes was prepared,  get of four resonances in the SAP (M) isomer, just one set
and the ratio of the two dominant coordination isomers was ¢ cross-peaks is observed in the EXSY spectrum (Figure
measured by integration of the highly shifted axial proton 4y These peaks exchange with those of the TSAP (m)
peaks in theTH NMR spectra (Figure 3). In common with  jsomer, put only axial-to-axial and equatorial-to-equatorial
the LnDOTA™ complexes, the TSAP isomer (m) is prefer- oy changes were detected. This is consistent with isomer
entially adopted in complexes formed by lanthanide ions with jerconversions taking place only via arm rotation. No cross-
the largest ionic radii. As the ionic radius decreases from peaks were observed corresponding to a ring flip motion
Ce to Tb, the proportion of the TSAP isomer steadily je ayial to equatorial. This is consistent with interchange
decreases. From Tb to Er, the complexes adopt almost S°|9|ybetween/\(6666) andA(8000) isomers, where\ (3000) is
the SAP (M) coordination geometry with only traces of the o gap (M) geometry and&(éééé)’ the TSAP (m)
TSA,P (m) ISomer rémaining. Th? population of the TSAF_) geometry (Figure 4). A similar observation of “frozen” ring
(m) isomer again increases for ions smaller than Er. This q40n was also reported for the tetramethyl substituted
feature was also observed for LnDOTAomplexes# DOTA derivative, MDOTA.282° Interestingly, this ring
Although the LnDOTA complexes exist as two enantio-  finning motion was not inhibited when the DOTA backbone
meric pairs, placing a substituent on the macrocyclic ¢ontained only one methyl group unlike that observed here
backbone necessarily introduces a new chiral center renderingq the p-nitrobenzyl substituent. It seems apparent therefore
the enantiomeric complexes diastereomeric. In consequencey, ¢ the size of the substituent is critical in determining the
the four potential stereoisomeric forms of ENO.-Bn- extent of ring flipping motion in the macrocylic ring.
DOTA)™ [A(AAAA), A(6000), A(6060), and A(AAA4)] are
diastereoisomers. The fact that only two species are visible(26) Brittain, H. G.; Desreux, J. Anorg. Chem.1984 23, 4459-4466.
in the I1H NMR spectrum suggests that two of these (27) DiBari, L. Pintacuda, G.; Salvadori, Bur. J. Inorg. Chem200Q
stereoisomeric forms have been rendered inaccessible by th?zg) ES:;\%inathan R. S. Raju, N.; Fan, H.: Zhang, X.. Tweedle, M. F.;
Desreux, J. F.; Jacques, Morg. Chem2002 41, 6856-6866.
(25) Aime, S.; Barge, A.; Bruce, J. |.; Botta, M.; Howard, J. A. K.; Moloney, (29) Ranganathan, R. S.; Pillai, R. K.; Raju, N.; Fan, H.; Nguyen, H.;

J. M.; Parker, D.; de Sousa, A. S.; Woods, 3M.Am. Chem. Soc. Tweedle, M. F.; Desreux, J. F.; Jacques,Ivrg. Chem.2002 41,
1999 121, 5762-5771. 6846-6855.
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M~< —HOD by 1 order of magnitude between the two coordination
isomers [SAP (M) and TSAP (m)]. The water exchange
lifetime and isomeric ratio are therefore key factors when

My, U M M, assessing the results of studies employing BFCs.

_ T 7\5‘§ M < The hydration state of Ep{NO,-Bn-DOTA)~ was mea-
/AN m,, N /ﬁ sured using Horrock’s methd#32and when the corrections
N proposed by Parker and co-workers were taken into account,
0 s a value ofq = 1.0 was found?® The rate of water exchange
5_ ) in gadolinium complexes may be measured by fitting the
] e line-widths of variable temperatutéO NMR spectra of the
10 AN R;gmgoﬁr;f:s solvent water (see ESH:35 At 200 ns, the water residence
153 0 ‘ ' fing flip would be lifetime (zm) of Gd(-NO,-Bn-DOTA) ™ is compa_ral_)Ie j[o that
3 \ . expected fo appear observed for GADOTA (zm = 244 ns)2® The similarity in
20 structure and water exchange rate between these two
1| Cross-peaks corresponding complexes no doubt accounts for similarity between the
253 [ 1o exchange by am rotation relaxivity of Gd@-NO,-Bn-DOTA)™ (1 = 4.7 mM-1s™%) and
50 “\ GADOTA™ (1; = 4.2 MM s %)% at 20 MHz and 25°C.
1 2 0 From these observations, it may be surmised that the use of
A derivatives Gd§-SCN-Bn-DOTA)Y as the basis of MR
'35 30 25 20 15 10 5 0 - -1p 1% contrast media accurately represents the effect of conjugation
A(5535) A(5553) of a GADOTA"™ complex. Nonetheless, it should be borne
Square Antiprism Twisted Square Antiprism in mind that thery value at 200 ns is still somewhat short

of the calculated optimal value of 25 ns required to achieve
the highest water relaxivity.

Kinetic and Thermodynamic Stability Determinations.
Owing to the toxicity of the lanthanide(lll) ions, it is
imperative that any complex used in vivo remains intact until
the complex can be excreted. It is important then that the
chelates formed by BFCs are both kinetically and thermo-
dynamically stable. Given the parallels in complexation
behavior between DOTA an@-NO,-Bn-DOTA, it was
anticipated that the BFC forms complexes that have similar
stability to the parent ligand. Under physiological conditions,
no discernible dissociation of LnDOTA complexes is

| | observed before the complex is excreteédSuch slow
Figure 4. 2D 'H EXSY pectrum of Eu{-NOz-Bn-DOT) recorded at .diSSOCi.ation renders measure.mem of the rate .Of dissociation
25 °C, pD 6, and 500 MHz (top). As only two of the four possible IMPOSsible under such conditions. Acid mediated decom-
diastereoisomeric coordination isomers are present (all four diastereoisomersplexation is expected to be the primary mechanism for

are observed in the case of EuM-DO¥) only one set of cross-peaks  gjissociation of anionic lanthanide complexes such as those
was expected for interconversion of these two diastereoisomers. The

presence of cross-peaks corresponding to exchange of the axial protons oPf DOTA. Thus, challenging a comp[ex Wi'th .aCid repres'ents
the SAP isomerd = 30—-36 ppm) with the axial protons of the TSAP  a reasonable measure of complex dissociation. Accordingly,

isomer ¢ = 11-17 ppm) demonstrates that exchange occurs by arm rotation 1 mM solutions of GADOTA. GADOTMA". and de—NOz-
alone. The F2 axis is shown only as far as 0 ppm for the sake of clarity. ! !

Below the spectrum is a schematic representation oA{@&@d5) SAP (M) Bn-DOTA)™ were incubated in nitric acid (pH 1), and the
(left) andA(0000) TSAP (m) (right) isomers showing their interconversion

by arm rotation and the position of tipenitrobenzyl substituent within the (31) Horrocks, W. D., Jr.; Sudnick, D. R. Am. Chem. Sod979 101

complex. The conformation and position of thenitrobenzyl substituent 334-340
on the macrocycle is shown underneath. (32) Horrocks, W. D., Jr.; Sudnick, D. Rcc. Chem. Re4981, 14, 384~
392.

The proportion of each coordination isomer present in (33) Beeby, A; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.. Parker, D.;
uti h inifi ti t th licati Royle, L.; de Sousa, A. S.; Williams, J. A. G.; Woods, 81.Chem.
solution may have a significant impact upon the application  soc. perkin Trans, 2999 493-504.

to which this BFC is applied. A number of recent studies (34) gr?nzallgzéfégPsogveSlg D. H.; Tissieres, V.; Merbach, AJEPhys.
indi ination i em. , 53—59.
have indicated that the two coordination isomers [SAP (M) (5) poyeli, . H.; Ni Dhubhghaill, O. M.; Pubanz, D.; Helm, L.; Lebedev,
and TSAP (m)] differ significantly in their properti@$25:30 Y. S.; Schlaepfer, W.; Merbach, A. B. Am. Chem. S0d996 118
i i - - 9333-9346.
These dlfferencgs are Ilkely to be most acute if th.e BFC IS (36) Toth, E.; Pubanz, D.; Vauthey, S.; Helm, L.; Merbach, ACBem.
to be employed in an MRI contrast agent when optimization Eur. J.1996 2, 1607-1615.

of water exchange is critical. The water exchange rate differs (37) Aime, S.; Botta, M.; Fasano, M.; Terreno, Ehem. Soc. Re 1998

27, 19-29.
(38) Tweedle, M. F. InLanthanide Probes in Life, Chemical and Earth
(30) Dunand, F. A.; Aime, S.; Merbach, A. B. Am. Chem. SoQ00Q SciencesBunzli, J. C. G., Choppin, G. R., Eds.; Elsevier: Amsterdam,
122 1506-1512. 1989.
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Table 1. Rates of Dissociation of GE{NO,-Bn-DOTA)~, GdDOTA",
and GADOTMA in 0.1 M Nitric Acid

Woods et al.

Table 3. Thermodynamic Stability Constants for Lanthanide
Complexes of>-NO,-Bn-DOTA?

complex ko (pH 1)/st
Gd(p-NO,-Bn-DOTA)" 6x 107
GdDOTA™ 3x 107
GdDOTMA~ 2x10°8

Table 2. Protonation Constants @NO,-Bn-DOTA2

equilibrium logK (p-NO2—Bn-DOTA)  logK (DOTA)P
L4+ HT = LH3 10.93(0.02) 12.6
LH3 + H* = LH»?" 9.14 (0.03) 9.70
LH2" + H" = LH3™ 4.44 (0.04) 4.50
LH3™ + Ht = LH4 4.19 (0.03) 4.14
LHs + HY = LHs" 2.33(0.04) 2.32
LHs" + H* = LHg" 1.4 (0.05)

avalues for DOTA are shown for comparisohMeasured in 0.1 M
MesNCI.18

relaxivity was measured at periodic intervals. Dissociation
of the complex results in an increase in the relaxivity as free
gadolinium is released. Following the ratio of relaxivity over
the initial relaxivity €r.}/{r1}o) as a function of time allows
the rate of dissociation under these conditions to be
calculated.

The rates of dissociation of GafNO,-Bn-DOTA)~ and
GdDOTA™ are comparable and slow, each taking several
months to dissociate (Table 1). It is noteworthy that j65d(
NO,-Bn-DOTA)~, more conformationally restricted and
therefore perhaps more rigid than GdDOTAdissociates
somewhat more quickly than the GdDOTAN contrast, the
rate of dissociation of GADOTMAIs an order of magnitude
slower than that of the other two complexes. DOTMA is
also more conformationally restricted than DOTA, but the

Ln(p-NO,—Bn-DOTA)~ LnDOTA~
equilibrium log Kst log Kst
G + L= Gd(L)~ 24.2 (0.03) 247
Y3 +L=Y(L)~ 23.9 (0.04) 24.9
Ludt + L= Lu(L)” 24.5 (0.05) 252

aValues for the corresponding DOTA complexes are shown for
comparison? Measured in 0.1 M KCf! ¢Measured in 0.1 M MgNCI.42

The thermodynamic stability constants of the gadolinium,
lutetium, and yttrium complexes @NO,-Bn-DOTA were
determined by potentiometric titration (Table 3). For com-
parative purposes the stability constants of the corresponding
complexes of DOTA are also reported. As expected, the
stability constants of the Lp{NO,-Bn-DOTA)~ complexes
are very favorable but nevertheless slightly lower than those
of the corresponding LnDOTA complexes. Thus, asym-
metric substitution of the macrocyclic ring, which it had been
concluded from our NMR studies distorts the gauche
conformation of one of the ethylene bridges within the
macrocycle, reduces the cooperative binding ability of the
macrocycle. In consequence, thk,pralues of two of the
nitrogens in the DOTA construct are lower than in DOTA,
and this reduced basicity leads to a lower thermodynamic
stability constant. This perturbation of the binding mode may
lead to ever so slightly more rapid dissociation of the metal
ion from the chelate as reflected in the kinetic stability
studies. It has also been found that yttrium(lll) complexes
of nitrobenzyl substituted DTPA derivatives are about 1 order
of magnitude less stable than the parent DTPA complex (log
KuL = 21.5 vs 22.4 for YDTPAJY? This may also be the

difference appears to be the aspect of the complex which isfésult of changes in conformation around the substituted

rendered more rigid by substitution. Thus, it seems that for
rigidity to affect the kinetic stability of a complex it must
be applied to the part of the complex that will first be

ethylene bridge. This hypothesis is supported by the observa-
tion that incorporating a cyclohexyl substituent onto the
adjacent ethylene bridge, rigidifying the ethylene bridge into

involved in the dissociative process. In this case that means@ gauche conformation, renders the corresponding complexes

the pendant arms. Thus, rigidification of the macrocycle

even more stable (lokm. = 24.4)#° In comparison, the

backbone has a smaller effect upon the rate of complex LN(P-NO-Bn-DOTA)" complexes retain favorable thermo-

dissociation since it is only involved late in the dissociative
process.
The protonation constants pfNO,-Bn-DOTA are sum-

dynamic stabilities, but more significantly they offer sub-
stantially improved kinetic inertness compared to BFC
complexes derived from linear amines. Although it has been

for the corresponding DOTA complexes are also shown. As
can be seen, the first two protonation constantg-bfO,-
Bn-DOTA are lower than those of DOTA although the
remaining constants are similar. The first two protonation
constants of DOTA correspond to stepwise protonation of
two diagonally opposing macrocyclic nitrogens while the

next three constants correspond to protonation of carboxy-

lates®® The fact that the protonation constants of the two
most basic nitrogens are lower jANO,-Bn-DOTA than in

DOTA presumably reflects the conformational changes in
the ethylene bridge of the macrocyclic ring induced by the

p-nitrobenzyl substituent. This strain reduces the cooperative

binding effect of the ligand, rendering these first two protons
less tightly held thereby lowering the&kp

(39) Desreux, J. F.; Merciny, E.; Loncin, M. horg. Chem.1981, 20,
987-991.
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derivatives generally reduces that rate at which acid-catalyzed
demetalation takes place, the rates of demetalation are still
of the order of 10?2 s in the best cas®. This is a
substantially more rapid than the rates of demetalation
observed fop-NO,-Bn-DOTA complexes and suggests that
in vivo dissociation of the metal ion is likely to be higher
when BFCs derived from linear amines are employed. Such
favorable stability characteristics should offer a significant
advantage for in vivo applications of LiSCN-Bn-DOTA)-
targeted complexes.

(40) McMurry, T. J.; Pippin, C. G.; Wu, C.; Deal, K. A.; Brechbiel, M.
W.; Mirzadeh, S.; Gansow, O. Al. Med. Chem1998 41, 3546-
3549,

(41) Cacheris, W. P.; Nickle, S. K.; Sherry, A. Dorg. Chem1987, 26,
958-960.

(42) Broan, C. J.; Cox, J. P. L.; Craig, A. S.; Kataky, R.; Parker, D;
Harrison, A.; Randall, A. M.; Ferguson, Q. Chem. Soc., Perkin
Trans. 21991, 87—99.



Ln(lll) NO ,-Bn-DOTA Complexes

Conclusions rate of complex dissociation by an order of magnitude.
Nonetheless, with stability constants in excess ¢f And
extremely slow dissociation kinetics, one would predict that
the Ln(p-NO,-Bn-DOTA)~ complexes will be stable enough
for in vivo applications. We have not taken equivalent
measurements on the RECN-Bn-DOTA) complexes, but

Substitution of a single benzylic substituent onto the
macrocyclic ring of DOTA has a major influence on the ring
flipping motion of the macrocyclic carbons in the corre-
sponding lanthanide complexes. The conformation of the

macrocyclic ring carbons)pd0 versusiiil) is determined :
by the stereochemical configuration at the carbon holding it Would be reasonable to assume thatg-6CN-Bn-DOTA)

the substituent. Thus, a benzyl substituent derived from will have similar prppertigs and henf:e conjugates ofpen(
Sphenylalanine yields only the\(3000) and A(3093) S(;N-Br!-DOTA) ywth various targeting vectorg should_ be
isomers in the corresponding LIRNO,-Bn-DOTA)~ com- quite suitable for in vivo use over pr.olonged. pgrlods of time.
plexes. The added encumbrance of the benzyl substituenf\Onetheless, the bound water residence lifetime at 200 ns;
increases the proportion of the SAP (M) coordination isomer &/though comparatively short, it is still substantially longer
present in solution across the lanthanide series. Although thisth@n is optimal (25 ns) for the design of high relaxivity MRI
population difference is quite different from that seen for Contrast media.

the corresponding LnDOTAcomplexes, this does not have
a significant impact on the rate of water exchange as
measured by’O NMR. In consequence, the relaxivity of
Gd(p-NO,-Bn-DOTA)™ is only marginally higher than that
of GADOTA™ at 20 MHz.

The diminished conformation mobility resulting from Supporting Information Available: ~Additional figures and
substitution of the macrocycle diminishes slightly the ability listings of the parameters used to fit tH®© variable temperature
of the ligand to cooperatively bind metal ions. This results NMR. This material is available free of charge via the Internet at
in slightly lower kinetic and thermodynamic stabilities for http://pubs.acs.org.
the lanthanide complexes pfNO,-Bn-DOTA. In contrast,
it appears that rigidifying the pendant arms decreases thelC0353007

Acknowledgment. The authors thank the National Insti-
tutes of Health (RR-02584 and CA-84697), the Robert A.
Welch Foundation (AT-584), and the Texas Advanced
Technology Program for financial assistance.

Inorganic Chemistry, Vol. 43, No. 9, 2004 2851



